SOME YEARS AGO, in reviewing the effects of ions on vascular smooth muscle, we 1 proposed that sustained hypertensive states would be produced by agents that either increased the permeability of the cell to Na, or hindered its efflux. We pointed out that attempts by the cell to compensate would be reflected in an increase in the capacity of the cell to extrude Na. In recent years it has become technically feasible to examine these propositions experimentally, and the answers have been gratifyingly unambiguous.
Observations based on two entirely dissimilar methods have recently established that the passive permeability of the vascular smooth muscle cell is characteristically increased in salt-dependent forms of experimental hypertension. Jones, 2 using isotope techniques, demonstrated that the rate of " K turnover isjncreased in aortic lissue from the spontaneously hypertensive rat (SHR). We' have observed with ion exchange methods that the Na + -Li + exchange is increased in established deoxycorticosterone acetate (DOCA) hypertension, but not in hypertension produced by renal artery constriction. Most recently, Jones and Hart 4 have observed increased cation turnover rates in DOCA hypertension.
It follows directly from these observations that, in these VOL. 39, No. 3, SEPTEMBER 1976 forms of hypertension, cell Na in vascular smooth muscle, when measured at a defined intravascular pressure, should be increased to the degree that an increase in transport activity fails to compensate for the increased "leakiness. " We have recently examined this question in detail during the development of DOCA hypertension.* An increase in cell Na was observed as early as 2 weeks after the start of treatment, but only in fresh arteries, and this was less than might have been expected to result from the high level of blood pressure prevailing at the time of excision. When the arteries were allowed to reach a steady state by incubation at zero pressure (zero stretch), subnormal levels of cell Na indicative of enhanced Na + transport were consistently observed during 8 weeks of observation.
In interpreting our results in terms of pathogenesis, we suggested" that DOCA, like aldosterone, increases the protein-synthesizing activity of vascular smooth muscle cells; this is reflected in enhanced Na + transport activity as well as in enhanced production of the protein-polysaccharide matrix. There is, however, no direct evidence of enhanced transport to prove the point. Our present report provides this evidence for both the SHR and the DOCA-hypertensive rat, and describes sustained hypertensive processes in terms of the pathogenetic implications of these observations.
Methods
Male albino rats of an inbred hypertensive strain (Carworth Farms) (SHR) and their matching controls (Carworth Farms normotensive) (CFN) were used for all experiments on spontaneous hypertension. For experiments concerned with development and validation of methods, and for the comparative study of DOCA hypertension, male albino rats of an inbred Wistar strain, standard in this laboratory (Woodlyn Farms), were used throughout.
On the day preceding the studies on arteries, blood pressure was measured directly in the femoral artery under light ether anesthesia by means of a Statham transducer. On the day of the experiment all rats were anesthetized with sodium pentobarbital and the tail artery was gently excised within less than 30 seconds. In experiments with fresh arteries, the vessels were placed in cold lithium-substituted physiologic salt solution (LiPSS) at 2°C as soon as they had been excised to wash out the extracellular Na.'- 7 In experiments involving incubation, the vessels were immediately placed in physiologic salt solution (PSS) gassed with 5% CO,-95% O, at 37°C and allowed to recover for 2 hours before proceeding through further incubations and final washout of extracellular Na with cold LiPSS.
After the period of washing in the lithium-substituted medium, the arteries were quickly blotted by standard compression at 15 g e m " 1 between aluminum blocks and then transferred to weighing cups. Wet weights were obtained immediately after the artery was placed in the cup; the tissues then were processed by drying to constant weight, defatting, extraction for 7 days in 4 ml of 0.75 M nitric acid, and atomic absorption analysis.
For studies on the perfused artery, an exact 12-cm length of ventral tail artery was exposed, cannulated at both ends with polyethylene tubing (PE 50), and, with all collaterals tied, excised and plaiced in a test tube filled with continu-ously aerated PSS at 37°C for a preliminary 2-hour period of equilibration. It then was transferred to the milled slot (filled with paraffin oil) of a temperature-regulated Perspex box, and connected to a perfusion pump. As will be described, Na + and K + in the perfusate were measured with glass electrodes and a high precision electrometer-computer assembly.'
The composition of the basic PSS (mM) was: NaCl, 115.0; NaHCO,, 25.0; NaH^PO,, 1.2; KC1, 5.0; CaCl,, 1.7; MgSO 4 , 1.2; and dextrose, 11.0. This was modified by equimolar substitution of the Na salts by LiCl and Li,CO 3 when LiPSS was required. K + -free versions of both PSS and LiPSS were prepared by simple omission of K.C1 and replacement with an osmotically equivalent amount of sucrose. The detailed composition and method of preparation of the solutions have been presented elsewhere.*.
Hypertension was induced with DOCA in uninephrectomized rats by an initial injection of 12.5 mg of DOCA followed by 6.25 mg at weekly intervals, coupled with 1% saline as drinking water throughout. Controls were uninephrectomized and drank tap water.
Results are expressed as mean values with the estimated standard error of the mean. Exponentials were computed by the method of least squares using minicomputer programs.
Results

DISTRIBUTION OF Na AND K IN FRESH ARTERIES IN
THE SHR
In this experiment, arteries from 10 mature SHR, 26-28 weeks old, and from 10 matched CFN controls of the same age, were compared. Blood pressure was 194 ± 4 / 1 1 2 ± 2 mm Hg in the hypertensives at this time, compared to 136 ± 2/84 ± 2 in the controls. The vessels were rapidly excised and immediately dropped into LiPSS at 2°C for a sequence of timed intervals ranging from 15 to 80 minutes. They then were taken for analysis as described. The findings are presented in Figure 1 . In the controls, no significant change in the values for tissue Na or K was observed over the last hour of incubation, as expected for the very small exchange of Li + with cell Na + which occurs at this low temperature.' The values for tissue Li correspondingly showed only a small upward trend for the period and this was too variable to be significant. The zero intercept for cell sodium (Na,) is higher, and for cell potassium (K,) is lower than in fresh arteries analyzed directly without exposure to a saline medium. This transitory fall in transmembrane ionic gradients has been discussed frequently. ">• "
FIGURE 1 Cell Na and K in freshly excised tail arteries from control and spontaneously hypertensive rats {SHR) at various intervals after incubation in Li-substituted physiologic salt solution at 2°C.
In the SHR, in contrast, a continuous fall of both Na, and K, was observed over the last hour of incubation. This alone indicates a continuing exchange of Li + with cell Na + and K + despite the low temperature. In accord with this, a continuous increase in tissue Li also was observed. The data shown in Figure I are, in fact, very similar to data previously shown for DOCA hypertension,' and indicate a similar "leakiness" or increase in passive permeability of the vascular smooth muscle cell membrane to monovalent cations in the SHR. The zero intercepts for both Na, and K ( are higher than in the CFN.
DISTRIBUTION OF Na AND K IN INCUBATED ARTERIES IN THE SHR
In the preceding experiment, the increased intracellular Na and K content in the SHR were observed during an unsteady state and diminished rapidly during incubation in cold LiPSS. Accordingly, the following experiments were carried out to examine the steady state ion distribution in the incubated artery at zero intraluminal pressure (zero stretch).
The maximum transmembrane Na + and K + gradients that could be sustained were established by a series of incubations shown elsewhere to produce the highest reported intracellular values for K.*-" Basically, this series involved a primary incubation (often termed preincubation) in PSS starting immediately after excision and lasting for about 2 hours to permit recovery from trauma and the rebuilding of energy stores. This was followed by overnight incubation in K+-free PSS at about 10°C to discharge the transmembrane ionic gradients. The tissue then was allowed to rebuild these gradients in oxygenated PSS at 37°C for 3 hours and then transferred to LiPSS at 2°C for 45 minutes to wash out extracellular Na before measuring the ion composition of the tissue.
Minimum Na + and K + gradients were measured in two ways. Both began in the same way by discharging ionic gradients by overnight incubation in K + -free PSS as described above. With the first method, the tissue subsequently was transferred to fresh oxygenated K + -free PSS and maintained at 37°C for an additional 3 hours before transfer to cold LiPSS for 45 minutes and analysis. With the second method, the tissue was transferred to oxygenated PSS containing ouabain (1 mM) for the additional 3 hours before transfer to LiPSS at 2°C for 45 minutes and analysis as usual. In preliminary work, it had been established that saturation values, i.e., full equilibration, were attained within these intervals, that no further change could be produced with longer incubation, and that no tissue damage had occurred, inasmuch as the minimum gradients remained fully reversible.
The results obtained are presented in Table 1 A. For each experiment, arteries from nine SHR are compared with those of nine matched CFN controls. The rats were 28-29 weeks old at this time and, as is characteristic, the mature weight of the SHR was less than that of the controls (Table  IB) . The weight of the 12-cm length of artery used in each experiment was similarly and proportionately less for the SHR than the controls (Table IB) . On the average, the arteries of the whole series weighed 0.0144 mg/g of body weight both for controls and SHR.
Comparison of the basal values for sodium and potassium content of arteries equilibrated in PSS at 37°C with the intercept values of Figure I shows how well the tissues had reestablished their transmembrane ionic gradients." Under these conditions, cell Na content was distinctly subnormal in the SHR, whereas K, which is intrinsically more variable, tended to be elevated. This finding is similar to our observations 5 on rats with DOCA hypertension, which we considered to be due to increased net Na + transport or pumping activity. Direct proof is provided later in our present report that here, too, increased Na + transport underlies the subnormal cell Na content of the SHR artery. Enrichment of the cells with Na, and corresponding loss of K when active Na + transport was interrupted by ouabain or by the absence of K + from the medium, was not significantly different between the SHR and controls. The differences between maximum and minimum values for cell Na and K thus indicate that the net amount of monovalent cation under active control is larger in the SHR. Since there was no change in total tissue H,O in the SHR, the increase in total tissue Li consistently observed probably reflects the known modest increase in the ionbinding paracellular matrix. 1 
COMPARISON OF Na+-K+ EXCHANGE IN INCUBATED AND PERFUSED NORMAL ARTERIES
These experiments, considered in conjunction with our recent observations on the DOCA-hypertensive rat, 5 indicate that the active transport of Na + is increased in these salt-dependent forms of hypertension. They also underline the important differences between fresh arteries in vivo and incubated arteries wholly at rest, since the transmembrane distribution of Na + and K + is not the same in both. It seemed to us that a minimum requirement was to examine the vessel when it was distended and not flaccid. Even low pressure perfusion of an artery will manifestly elongate the smooth muscle cells and increase their surface area and apparent permeability, and might more readily reveal differences in net Na + transport.
Considerable technical difficulties are involved in examining transmembrane ion transfer in an artery under conditions resembling those of its natural physiological state. Only the glass electrode offers practical methods to study such a perfused artery. 12 Unfortunately, small water shifts can be expected to occur in association with changes in transmembrane Na + and K + ion gradients." These may produce very large changes in Na + concentration in the perfusate-of the order of 1.5 mEq/liter for a 1% change in volume-while scarcely affecting the K + concentration. The Na + record thus is not always as simple to interpret or as accurate as that for K+. 11 In a recent report describing the use of inulin to identify extracellular cations, 14 we noted that during the enrichment of cells with Na that results from exposure to ouabain, the deviation of the Na + -K + exchange from an approximate equimolar ratio is very small. Later, we drew a similar conclusion from experiments in which tissues were incubated in a K + -free medium and cold LiPSS was used to identify cell Na.* These observations indicate that the transmembrane exchange of Na + and K + may be assessed in terms of K + alone. It is this conclusion, if correct, which permits precise quantitative work with glass electrodes.
The first phase of our planned study thus required a detailed reexamination by chemical methods of the quantitative relation of Na + influx to K + efflux during incubation of normal arteries in a K + -free medium, to provide a basis for studies with glass electrodes. We chose exposure to a K + -free medium as the method to produce these ion movements, because the decrease in gradients which occurs in the absence of external K + is well known, reasonably rapid, and wholly reversible. The apparent equimolar exchange of Na + and K + was measured directly with the new cold Li + exchange method rather than indirectly with inulin.'' '•'
The maximum or saturation values for cell Na enrichment and K loss first were measured after 20 hours of incubation in K + -free PSS at 22°C, followed by incubation for 2, 4, or 6 hours in fresh medium at 37°C. Reversibility was assessed by returning the tissues to PSS at 37°C after 20 hours of incubation in the K + -free medium. The results are presented in Table 2 . Maximal Na enrichment evidently was attained and reversed. The total exchange again was observed to be essentially equimolar.
The rate of exchange of Na + and K + over the time course of enrichment by incubation in K + -free PSS was followed in several experiments on 18 artery samples. The same result was obtained when 18 single samples were taken at 5-minute intervals to 90 minutes, when triplicate samples were taken at six intervals, or when sextuplicate samples were taken at three intervals. The rate of exchange follows simple kinetics and can be readily approximated by first-order exponentials even at 37°C, as previous experiments had indicated. 6 The results obtained in a typical experiment with triplicate samples to establish six points are shown in Figure 2 . We conclude that the exchange of Na + and K + during exposure to K + -free PSS can be assessed in terms of K + alone. All values are given in terms of kilograms of dry weight. Results are expressed as mean ± SE. 
FIGURE 2 Cell Na and K measured during incubation of 18 tail arteries in K + -free PSS at 37°C. Each point is the average of triplicate samples. Discrepancy between zero intercepts and expected initial values (broken lines) indicates a short delay in onset of exchange. Extracellular Na was removed by a 45-minule wash in Lisubstiluled physiologic salt solution at 2°C. Curves shown were drawn as single exponentials using computed constants shown in the figure.
The electrode experiments followed the method of repetitive sampling to exploit the highest precision of the system. 12 Our previous procedure was modified for continuous rather than intermittent perfusion of the artery at low flow rates; for this the total effluent was collected over short intervals as a series of discrete samples and [K + ] was later measured in each, against frequently repeated calibrations, with an accuracy of ±0.01 mEq/liter. In a run, the artery lumen was first cleared with air, then an initial relatively fast perfusion rate of 0.075 ml/min for 3 minutes was used for the first sample. This was followed by perfusion at 0.00625 ml/min for 7-minute intervals to 45 minutes, and then for 15-minute intervals to 90 minutes. At these rates, intraluminal pressure is less than 3 mm Hg. The exchange of tissue K + was measured as the amount of K + added to or subtracted from the perfusate (volume perfused x A[K + ]) expressed in terms of the dry weight of the artery as determined after the experiment. Definitive experiments on pairs of arteries, each 12 cm long (about 5 mg, dry weight) were carried out at room temperature (22°C) to slow the exchange. In Figure 3 , the rate of K + loss measured by the glass electrode for arteries perfused at 22°C is compared with the value for arteries incubated at either 37°C or 22°C and then analyzed chemically by the cold Li + exchange method. The exchange rate obviously is very much faster in the perfused vessel. This may be due to a shorter diffusion path, a steeper concentration gradient, or a combination of both. The total K + loss is consistently lower in the perfused vessel, as expected for arteries under stretch. 12 -15 
K + LOSS AND REACCUMULATION IN PERFUSED ARTERIES OF THE SHR AND THEIR CONTROLS
Electrode measurements of K + loss followed by K + reaccumulation were carried out for nine pairs of arteries taken from 25-to 28-week-old SHR and their age-matched controls. Blood pressures, shown in Table 3 , were as expected for this stage of hypertension. The results are presented in Figure 4 . 
FIGURE 4 Cumulative electrode values for loss of artery K* during perfusion with K + -free PSS followed by reuptake of K + during subsequent perfusion with PSS in nine age-matched pairs of normotensive (CFN) control rats and spontaneously hypertensive rats (SHR). Asymptotes indicated by triangles (A)
were determined by iterative fitting, and the last eight points were then fitted to single exponentials by the least squares method. Curves shown were drawn as single exponentials using computed constants shown in figure. Vertical bars denote ±SE.
When the perfusate is switched to K + -free PSS, K+ begins at once to leave the vascular smooth muscle cells. The total amount of K + lost (and, conversely, Na + gained) during this cycle depends, of course, on the amount present at the start of the run, and since this baseline may vary, this part of the run is not intended to establish the maximum obtainable gradient. It does, however, provide direct information concerning the rate of K + loss and, hence, the rate of passive Na + entry into the cell. In addition, it provides a firm zero base from which to measure the subsequent amount of K + reaccumulation during the second cycle of return to PSS.
The last eight points of the downhill (passive) cycle can be neatly fitted by a single exponential. This curve fails to meet zero, and thus indicates an additional fast initial component. The first point, measured at 3 minutes, always shows more rapid exchange than the last eight. This probably is due not only to the initial fast component, but also to the fast flow rate used for this washout interval and the steeper ion gradient between cells and environment which it prpvides. The rate constant for the slower phase was the same for both SHR and CFN controls. The intercepts, as well as the 3-minute values, were significantly separated, however, indicating that the passive Na + -K + exchange is, at least initially, relatively faster in the SHR.
The last eight points of the uphill (active) cycle can also be neatly fitted by a single exponential, but this curve meets zero in this experiment. Rate constants for this phase were the same for the two groups, but the amounts were widely separated. This is unequivocal evidence of increased net ion pumping. The displacement of the first points on these curves is readily explained as before by the 12-fold faster flow rate used for this first 3-minute interval.
K+ LOSS AND REACCUMULATION IN PERFUSED ARTERIES IN DOCA HYPERTENSION
In a recent study of steady state transmembrane gradients in the tail artery of the DOCA-treated rat, we obtained indirect evidence that active Na + transport was increased very early.' Two experiments were now undertaken to examine ion transport directly with the electrode method. The first was carried out 3 weeks after the start of treatment, early in the course of the disease. Here, because any change was bound to be small, arteries from 20 treated rats and 20 controls were examined in pairs. The second experiment was carried out at 8 weeks, well along in the established phase of the hypertension, and here 14 pairs of arteries sufficed. Blood pressures are shown in Table 3 .
The results obtained for the first (passive) cycle are shown in Figure 5 . As before, the last eight points closely fit a single exponential, but at both 3 weeks and 8 weeks the zero intercepts for the DOCA-treated groups were significantly separated from those of the controls, a direct indication of an accelerated Na + -K + exchange. The separation of curves appeared greater at 8 weeks than at 3 weeks.
The results obtained in the second (active) cycle are shown in Figure 6 . An increase in net Na + transport was evident at 3 weeks, and a considerably greater increase was observed at 8 weeks.
Discussion
The following evidence concerning an increased passive permeability of the vascular smooth muscle cell in hypertension is now in hand. In 1973 Jones 2 observed that " K + turnover was increased in the aorta of the SHR. He linked this to the rate of Na + entry and interpreted his evidence to mean that cell permeability is increased. Soon after, he reported similar findings for representative arteries." We drew the same conclusion for the DOCA-hypertensive rat on the evidence of an increased exchangeability of cell Na + with Li + not found in hypertension induced by renal artery constriction.' Most recently, Jones and Hart, 4 using isotope turnover methods, have shown that increased ionic leakiness of the vascular smooth muscle cell membrane occurs early in the course of DOCA hypertension. In this report, we present additional evidence, from studies conducted with ion exchange methods, that the Na + -Li + exchange in fresh arteries is enhanced in the SHR as in DOCA hypertension. Further, the downhill exchange of Na + with K + in the perfused tail artery is accelerated at an early stage for both the SHR and the DOCA-hypertensive rat.
The following evidence that the increased leak of Na + into the vascular smooth muscle cells is associated with a degree of enhanced transport activity is also now in hand. Cell Na in the steady state, measured in resting, incubated arteries, is distinctly subnormal in DOCA hypertension, and becomes so soon after the start of treatment. 6 In our present report, cell Na also has been found to be similarly subnormal in the incubated SHR artery. Further, we have presented direct evidence of enhanced Na + transport in the artery perfused at low pressure, for both the SHR and the DOCA-hypertensive rat, as we had earlier hypothesized. 1 -6 These two conclusions-first, that cell permeability is increased in salt-dependent hypertension, at least in the SHR and DOCA-induced forms, and second, that it is early associated with an increase in Na + transport-now make it possible to provide a coherent explanation for several important recent observations. We shall present this and supporting evidence with reference to the schema shown in Figure 7 .
Our analysis begins with the three dissimilar agencies, vasoconstrictors, stretch, and mineralocorticoids, now known to act in the direction of increasing the Na + pool in vascular smooth muscle cells. That the action of vasoconstrictors is commonly associated with a movement of Na + into the cell is well established, although it is recognized that Cumulative electrode values for reuptake of artery K* during perfusion with K + -free PSS subsequent to K depletion cycles shown in Figure 5 . Curves shown were drawn as in Figure 4 as single exponentials using computed constants shown in the figure. Vertical bars denoting ± S E are shown for initial values and for one later value. this may not be an invariable or unique first step in vasoconstriction. 1 ' 1 ' "• " Somlyo and Somlyo" have interpreted this to mean that vascular smooth muscle permeability is increased in vasoconstriction. That stretch produces a similar effect was recognized when it was observed that the equilibrium transmembrane Na + and K + gradients after rewarming previously cooled arteries are lower in stretched than in unstretched arteries." Conversely, passive step increases in intraluminal pressure in the perfused artery were shown to produce corresponding influxes of Na + and losses of K + . 15 That mineralocorticoids similarly tend to increase the cell Na + pool has been shown with both DOCA and aldosterone. New observations with DOCA have been presented in this report and the recent pertinent literature has been summarized. The extensive biochemical and physiological experience with aldosterone is well documented." Next, we may observe that there is good evidence that those same agencies that tend to increase the cell Na + pool will lead, if their action is prolonged, to increased protein synthesis. That vasoconstriction increases protein synthesis was observed first by Matthes et al. Jl These workers administered angiotensin subcutaneously to rats and observed a marked, rapid increase in the rate of incorporation of " S into the sulfated mucopolysaccharides of the aortic wall. The peak of this effect coincided with that of blood pressure elevation. This tallies with the evidence provided by Villamil et al.," who infused angiotensin continuously into the jugular veins of dogs at the rate of 35-100 ng/kg for 5-6 weeks. They observed an increase in Na + binding and accelerated Na + efflux, both indications of the manufacture of new proteins.
That sustained stretch increases protein synthesis was first clearly shown by Hollander et al.** This group compared synthesizing activity in vascular smooth muscle of the dog aorta above and below the site of an aortic coarctation. Although their interpretation of the pathogenesis of this form of experimental hypertension is open to question, the evidence which they obtained of increased protein synthesis in the segment under stretch is not.
There is considerable evidence that sustained DOCA or aldosterone treatment increases protein synthesis. Todd and Friedman" observed increased synthesizing activity in the vascular smooth muscle cell histologically, not only in established DOCA hypertension, but as early as 4 days after the start of treatment. Palaty et al."' " have presented substantial evidence that the protein-polysaccharide paracellular matrix, itself a product of the cell, is increased in DOCA hypertension. Finally, we have shown here functionally, by the increased ability of arteries from the DOCAhypertensive rat to build and sustain transmembrane monovalent cation gradients, that transport protein is increased. As for aldosterone, the accumulated evidence that this mineralocorticoid induces the synthesis of new protein by stimulation of DNA-dependent RNA synthesis is impressive." Recently, Knox and Sen" have shown that the (Na + + K + )ATPase is, in fact, one of the proteins synthesized in increased amounts.
It seems almost redundant to mention that the same agents or states described above lead to substantial cell hypertrophy."• "• 3° It is probable, then, that the increased protein synthesis is general and affects not only the amount of transport protein and of export protein, which have been measured, but also of contractile protein, which has not.
These observations invite the conclusion that what we may term "net Na + pumping activity," that is, the resultant of passive Na + influx and active efflux, stands at the center of both the acute vasoconstrictive response and the sustained and progressive hypertensive state. In the case of vasoconstrictors, the enhanced entry of Na + is one component of the electrophysiological events coupling excitation to contraction. If the vasoconstriction is sustained, protein synthesis is stimulated and the cell manufactures new materials to cope with the load. This type of hypertension, for which renovascular hypertension may be the appropriate model, will thus be characterized by the coexistence, in varying degree, of both vasoconstriction and hypertrophy. In thecase of mineralocorticoid dominance, however, there is only a very small increase in the rate at which Na + leaks into the cell, and this is probably well below the threshold for vasoconstriction. In this case, we suggest that vasoconstriction should be minimal or absent, and increased protein synthesis dominant, as has, in fact, been observed."' *"• " The type of hypertension that follows, for which the SHR and the DOCA-hypertensive rat may be appropriate models, would thus be characterized as predominantly structural.
It should not be thought that this interpretation of pathogenesis is entirely new-it is now simply better defined and more firmly based. In 1961 there was already sufficient evidence in the literature to warrant our making the following statement: 1 "There is also good evidence that mineralocorticoids regulate the permeability of cell membranes to sodium. A control system which allows a small trickle of sodium to enter the cell and then regulates the ease with which it is extruded permits very fine control of the sodium gradient."
